The effects of the geometry of a self-boring pressuremeter on the results that would be obtained from tests in clay have been studied by means of finite element analysis. This technique has enabled a parametric study to be carried out without the complicating factors of test variability that are inherent in field testing. The effects of lengthdiameter ratio L/D and depth of penetrationdiameter ratio H/D have been examined. In the study of the effects of L/D on the apparent strength, this was found to depend also on G/s,; a chart of correction factors for strengths derived from the pressuremeter test is presented. The L/D ratio has a much smaller effect on the measurement of elastic properties. The depth of the pressuremeter below the ground surface in a homogeneous clay deposit was found to have little effect on the measurement of the elastic strength properties, even for very shallow tests. 
INTRODUCTION
The self-boring pressuremeter is now a wellestablished site investigation tool for use in both clays and sands. The pressuremeter (see Fig. 1 ) is drilled into the ground by use of a cutting arrangement which causes minimal soil disturbance. A cylindrical membrane, initially flush with the body of the instrument, is inflated, and the displacement of the membrane is monitored as well as the inflation pressure. In clays the presureexpansion curve can in principle be used to determine the in situ horizontal stress gho, the shear modulus G and the undrained shear strength s,. Further tests may be carried out to determine consolidation properties. In the analysis of a pressuremeter test it is usual to assume that the expansion process takes place under conditions of axial symmetry and of plane strain in the vertical direction. In other words, the finite length of the pressuremeter is ignored, and
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the expansion curve is assumed to be the same as would occur for an infinitely long pressuremeter. Since a typical length-diameter ratio L/D for commercially used self-boring pressuremeters is about 6, this assumption in the analysis requires some examination.
The in situ horizontal stress is usually determined from the lift-off pressure, and although this process is prone to difficulties in interpretation, L/D is not expected to be an important factor in this aspect of the test. It is reasonable to assume, however, that after lift-off the pressureeexpansion curve for a pressuremeter of finite length would display a stiffer response than for a pressuremeter of infinite length. It is also widely held that the undrained strength values obtained from the conventional interpretation of the pressuremeter are significantly higher than those obtained from other tests (see, e.g., Mair & Wood, 1987, pp. 55-60) . Although different tests may involve different modes of shearing of the soil, and would therefore be expected to lead to different undrained strengths (Wroth, 1984) , the magnitude of the difference is sometimes too large to be explained solely by these considerations.
Other possible explanations that have been examined are the
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Fig. 1. Self-boring pressuremeter (from Wroth, 1984)
effects of partial drainage and of strain rate on the undrained strength (Pyrah, Anderson & Haji Ali, 1985; Anderson & Pyrah, 1989) .
It is surprising that the possible effects of L/D ratio do not seem to have been examined in detail. Although a number of workers have discussed this effect (Laier, 1973; Baguelin, Jezequel & Shields, 1978; Borsetto, Imperato, Nova & Peano, 1983; Yeung, 1988; Yeung & Carter, 1989 ), there appears to have been no detailed and systematic investigation of the problem. In particular no method has been suggested whereby the results of pressuremeter tests could be corrected to account for the effects of finite length. 
L/D
ratios of 4, 6 and 10 (representing what are considered to be the shortest and longest practicable pressuremeter designs, and the widely used ratio of 6). Since the size of the zone of soil that is deformed plastically around the pressuremeter depends on the soil's rigidity index I, = C/s,, rigidity index values of 50, 100, 200, 500 and 1000 have been examined, covering the range usually encountered.
Throughout this Paper the soil is modelled as an undrained (and therefore incompressible) elastic-perfectly plastic material, using linear isotropic elasticity and a Tresca yield criterion for plasticity. An associated flow rule is also assumed. The model is therefore completely characterized in terms of the values of G and s, The analysis is in terms of total stresses. The Tresca yield surface may be less realistic for modelling clay than the von Mises surface, but has the advantage in this application that the undrained strength (defined as (gi -a,)/2 at failure) is the same for all modes of shearing. The von Mises surface results in a strength in plane strain higher than that in triaxial compression by a factor of 2/J3. Thus, any effects observed can be attributed entirely to the effects of the L/D ratio, and not to the mode of shearing.
It is recognized that this model represents a gross simplification of soil behaviour. In particular, it fails to model the sensitivity of the shear modulus to the strain magnitude, a feature of soil behaviour that is increasingly recognized as significant. However, even this simple model contains the salient features of elastic-plastic behaviour, which are probably sufficient to study this aspect of pressuremeter behaviour.
ANALYSIS OF THE PRESSUREMETER IN CLAY
The analysis of undrained expansion of a cylindrical pressuremeter in clay is described by Gibson & Anderson (1961) : only the important results are reproduced here for completeness. The pressuremeter is assumed to expand under conditions of axial symmetry and plane strain in the axial direction, so that all variables are functions of radius only, reducing the problem to one of a single dimension.
The pressure applied to the pressuremeter membrane is denoted by $ and the tensile hoop strain at the pressuremeter surface by E = (a -~,)/a,, where a, and a are the initial and current pressuremeter radii. The pressuremeter curve is expressed in terms of $ and E. (Some authors use the volumetric strain rather than the hoop strain;
for small strains and undrained tests this results in a change in the scale of the strain axis by a factor of two.)
The initial expansion of the pressuremeter takes place elastically at a stiffness of 2G from the lift-off point (0, crhu) to the yield point (s,/2G, gho + s,). At this stage the soil at the surface of the pressuremeter is just brought to yield, and thereafter a zone of plastically deforming soil extends outwards from the pressuremeter. For small strains the radius of the outside of the plastically deforming region R, is given by &,/a)' = 21,.s, and the equation of the pressureexpansion curve can be derived as
so that when I// is plotted against Ins the plastic section of the curve plots as a straight line of slope s,. For large strains, more complicated expressions are derived and a distinction is necessary between several different definitions of strain, but the analyses presented here are all in terms of small strain. The simulated tests were interpreted as follows. All tests were carried out with gha = 0, since the horizontal stress appears simply as an additive term on all stresses (for both the infinite and finite length cases). A value of s, = 1.0 was used throughout, since all stresses can be normalized with respect to s,. The measured shear modulus was determined from the slope of the pressureexpansion curve up to the theoretical yield point $ = s,. For each test a check was made that no yield had occurred at this stage; this was always found to be the case. The measured undrained shear strength was found by fitting a straight line to the plot of $ against Ins for the section of the plastic expansion curve from E = 2% to 5%. AS the actual plot is slightly curved, a least-squares best fit was used. The range over which the undrained strength was determined is very important-use of a different range would give a slightly different value of the interpreted undrained strength, because the calculations for a pressuremeter of finite length result in a slightly curved plot of $ against 1n.e. This range was chosen since it starts well into the plastic section of the test for even the lowest I, value, and would be achieved in most pressuremeter tests. There are alternative methods of determining the undrained strength based on the use of the 'limit pressure', but these are not examined here. However, the observed limit pressure would be expected to be affected significantly by the finite length of the pressuremeter.
This study is confined to the case of isotropic initial stresses. Although it is relatively straightforward to extend cylindrical cavity expansion theory to the case of unequal initial stresses, this is not usual in conventional analysis of pressuremeter tests.
Two alternative means of driving the pressuremeter strain have been considered. In the first the measurement of strain at the centre of the membrane is used (centre method). Most selfboring pressuremeters provide for strain measurement at this point. In the second the volume change of the entire membrane is determined, and converted to an average hoop strain for the pressuremeter (average method). This analysis would be appropriate for pressuremeters employing volumetric rather than direct strain measurement. In the latter approach no account is taken of the possible use of guard cells, as is usual on pressuremeters of the Menard design.
FINITE ELEMENT ANALYSIS
The analysis of a pressuremeter of finite length was treated as a two-dimensional axisymmetric problem, and was studied by use of a finite element program AFENA developed at the University of Sydney. Eight-noded quadrilateral elements were used, with nine Gauss points for integration of the stiffness matrix. This type of element would not always be the preferred choice for accurate analysis of plasticity problems in axial symmetry, particularly when reliable estimates of collapse loads are required (Sloan & Randolph, 1982) . However, the present analysis is restricted to the range of behaviour well before the limit condition is reached, and the eight node elements perform adequately in these circumstances.
The non-linear cavity expansion problem was solved by use of the tangent stiffness approach. The loading was applied by specifying increments of normal (radial) pressure along the portion of the cylindrical cavity in contact with the pressuremeter membrane.
Once first yielding in the soil had occurred, the load path was divided into equal pressure increments, each of 0.1~". Suflicient increments were analysed for the hoop strain at the mid-height of the membrane to reach 10%. Only one iteration was computed during each load increment, and at the end of each increment the stresses were corrected to the yield surface by use of the technique recommended by Potts & Gens (1984) .
The symmetry of the pressuremeter was exploited to reduce the size of the mesh for the Fig. 2 . It consists of a rectangular grid of elements, 14 in the radial direction and 13 in the axial direction (182 elements and 601 nodes in total). The body of the pressuremeter was modelled as rigid, and extending both above and below the pressuremeter to infinity. The latter assumption neglects the finite length of the device below the membrane, but is thought to have a very minor effect on the results. For the analyses of the influence of the depth of the test, the symmetry about the central plane of the pressuremeter cannot be exploited, and much larger finite element meshes are necessary.
Although the influence of various assumed properties at the interface of the pressuremeter body and the soil was not studied, it is believed that different assumptions about vertical movements would have little effect on the results. It is regarded as important to model the fact that inward radial movement at the pressuremeter body cannot occur; this was achieved by assuming the pressuremeter to be rigid. Although possible, separation of the soil from the pressuremeter body is thought to be highly unlikely for typical values of in situ horizontal stress.
In the radial direction the dimensions of the inner 13 layers of elements are graded so that the ratio of outer to inner radius of each layer is a constant (-1.28). The outermost layer of elements extends from a radius of 25 to 50 times the pressuremeter radius, and has modified elastic properties chosen to mimic the effect of an outer boundary at infinity (Burd, 1986) . The infinite boundary can be modelled either by a stiffer outer shell of elements in combination with a free outer boundary or by a more flexible set of elements together with a fixed outer boundary. The latter is chosen here, since it reduces the number of equations to be solved. The elastic stiffness (radial pressure divided by tensile hoop strain) for cylindrical expansion in an infinite medium is 2G, and in order to model this with a layer whose outer boundary is fixed G* n* -1 -= G ?z* + l/(1 -2v*)
must be satisfied where G* and v* are the elastic properties of the outer layer and n is the ratio of the outer to inner radii of the outer layer. Different combinations of parameters could be used; in this study n = 2.0, v* = 0.0 and G*/G = 0.6 were adopted. The inner radius of the compensating layer was sufficiently large that at no relevant stage of any of the analyses did the zone of plastically deforming soil extend close to the compensating layer (the maximum theoretical radius of the plastic zone was ten pressuremeter radii). In the axial direction, five equally sized elements are placed along the length of the pressuremeter membrane, and two further elements of the same size model the soil immediately outside the pressuremeter.
The six further layers of elements in the axial direction are of uniformly graded size, with the boundary in the axial direction at 40 pressuremeter radii from the centre line.
Because exact incompressibility cannot be enforced in a finite element program using the displacement method without introducing numerical problems, the Poisson's ratio for the soil was set at 0.49 rather than O-5. The importance of this assumption can be assessed as follows. During the expansion of an infinitely long cylindrical cavity in an infinite elastic medium, provided the shear modulus is held constant, the value of Poisson's ratio (surprisingly) has no effect on the calculated stresses. This result is related to the fact that no change of mean stress occurs in the elastic region. In the plastically deforming region, however, the mean stress increases, and if the Poisson's ratio is not 0.5 then some compression of the soil will occur. The net reduction of volume of the soil within the plastic region can be calculated as a fraction of the volume expansion of the pressuremeter 
Equation (3) is valid only for Poisson's ratios close to 0.5. Values of the above ratio are given in Table 1 for v = 0.49, and indicate that for the range of strains and rigidity indices used the elastic compression is never more than 2% of the volumetric expansion of the pressuremeter. This indicates that the error introduced into the analysis by the use of a Poisson's ratio of 0.49 rather than 0.5 is very small.
RESULTS
The results of 24 finite element analyses are summarized in Table 2 . The reference numbers are in chronological order, and have no other significance. The analyses may be considered in four groups. For the first five (pm09-pm19, Table 2 ) the boundary conditions were chosen to simulate a pressuremeter of infinite length. Because there is no variation of stress in the axial direction for this case, only a single layer of elements in the axial direction is required. These runs provide a calibration of the accuracy of the finite element The next group consists of a single analysis (pmOO), again for an infinitely long pressuremeter, but this time using 13 layers of elements in the axial direction to confirm that this gives the same result as for a single layer of elements (by comparing this run with pm1 1). The results of the two analyses were identical, as expected; this confirms that the meshes consisting of a single layer and of 13 layers are comparable.
The third group consists of 15 analyses (pm16-pm22, 
Fig. 3. Comparison of pressuremeter curves
All results are for completeness presented to three decimal places, but in view of some of the approximations involved such accuracy cannot be assumed. Elasticity results should be accurate to about 1% and plasticity results to about 5%. Figure 3 shows a comparison of the results of the finite element analysis with the analytical solution for (small strain) expansion of a cylindrical cavity for I, = 200. The solid line should be compared with the lower of the two sets of points. The finite element analysis shows a slightly stiffer response than the theoretical solution throughout the test. In the elastic range this is due entirely to finite element discretization; in the plastic range it is also due to approximations involved in the algorithm used to compute the plastic response. A tangent stiffness approach is used, which results in a very slight drift of stress points from the yield surface, and hence the computation of a slightly over-stiff response.
Calibration analyses
If the analyses for different L/D ratios are to be compared properly, the small difference between theory and numerical results described above must be eliminated by an appropriate calibration process. Each of the analyses for L/D = co has been back-analysed as if it were a real test, and the apparent values of shear modulus and shear strength have been derived. The results are given in Table 2 . In each case the shear modulus derived is too high by a factor of 1.002, demonstrating that the mesh gives highly accurate results for elasticity problems.
The strength is overestimated by a factor that varies from only 1.001 for I, = 50 to 1.137 for I, = 1000. The results of the tests at finite L/D, also given in Table 2 , were all 'corrected' by dividing the elastic stiffness by the factor of 1.002 and the shear strength by the appropriate factors between 1.001 and 1.137, depending on the I, value. This procedure assumes that the error will be of the same proportion in each analysis, depending only on the rigidity index. While this is not exactly true, it probably results in the most rational correction. Figure 3 also shows the results of a typical analysis at finite L/D ratio (the upper set of points). A stiffer response is predicted throughout the test. From this curve the apparent elastic stiffness and shear strength can be determined: values are given on Table 2 . The determination of the shear strength uses a plot with the strain on a logarithmic scale, as shown in Fig. 4 , which also shows the 2%5% strain range over which the best-fit straight line was found. Table 3 gives the correction factors required for measurements of elastic modulus with pressuremeters of different L/D ratios, derived as follows. Take, for example, measurements of modulus based on the strain at the centre of a pressuremeter with L/D = 4. The results of runs pm133pm22 in Table 2 each give a G,,,/G value of 1.040, which must be divided by the calibration factor 1,002 for the elastic stiffness, as discussed above. It is useful then to consider the inverse ratio G/G,, which is the correction factor that must be applied to field results. Thus, the first value in Table  3 is derived as 1.002/ 1.040 = 0.963. Minor inconsistencies between the values in Table 2 and in later tables are because, although the results are presented to only three decimal places, the original calculations were more accurate. Table 3 shows that, for a conventional pressuremeter with L/D = 6, the measured stiffness should be reduced by 1.4% if it is based on central strain values, and by 13.2% if it is based on the average strain along the length of the pressuremeter. The variation of the correction factor with L/D ratio is shown in Fig. 5 .
EfSect of L/D ratio
The effect of L/D on strength measurements is presented in Tables 4 and 5 for central and  average strain measurements respectively. Again, the results are given in terms of a correction factor which needs to be applied to the measured values, i.e. s,/s,, , and the results of the analyses must be corrected by use of the calibration runs for an infinitely long pressuremeter.
This time the factor depends on the rigidity index, and the appropriate factor must be used for each analysis. Thus, the first value in Table 4 higher than the actual strength of the soil. It is clear that while the effect of finite length on stiffness measurements is minimal (-1.4%) compared to that of other factors, its effect on strength measurements is significant. The equivalent curves for averaged strain measurement are shown in Fig. 7 .
Opinions vary as to the accuracy of the strength values derived from pressuremeter tests, but there does seem to be a consensus that they are higher than those derived by other methods. The fact that the analysis predicts only a small influence of finite length on observed stiffness, but a larger effect on strength can be understood with reference to Fig. 8, which shows into the plastic zone. The stressed zone is clearly strain in Fig. 8 ) are an artefact of the finite element mesh used, which was slightly too coarse confined to a region close to the pressuremeter, towards the ends of the membrane.
whereas an infinitely long pressuremeter would show contours parallel to its axis. 
EfSect ofH/D ratio
Results of the study of the effects of test depth on the pressuremeter results are given in Table 6 . In a subsidiary study on the effect of pressuremeter depth below the free surface, it was shown that for L/D = 6, even if the top of the membrane is at the ground surface, the elastic stiffness measured (from the central displacement of the membrane) is only 0.4% lower than that measured in a very deep test. The strength measured by the pressuremeter is also relatively unaffected by shallow penetration, with a reduction of only 1.5% of the measured strength being observed for a pressuremeter with L/D = 6 and H/D = 5.
